TSSC1 is novel component of the endosomal
retrieval machinery
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ABSTRACT Endosomes function as a hub for multiple protein-sorting events, including retro-
grade transport to the trans-Golgi network (TGN) and recycling to the plasma membrane.
These processes are mediated by tubular-vesicular carriers that bud from early endosomes and
fuse with a corresponding acceptor compartment. Two tethering complexes named GARP
(composed of ANG2, VPS52, VPS53, and VPS54 subunits) and EARP (composed of ANG2,
VPS52, VPS53, and Syndetin subunits) were previously shown to participate in SNARE-depen-
dent fusion of endosome-derived carriers with the TGN and recycling endosomes, respectively.
Little is known, however, about other proteins that function with GARP and EARP in these
processes. Here we identify a protein named TSSC1 as a specific interactor of both GARP and
EARP and as a novel component of the endosomal retrieval machinery. TSSC1 is a predicted
WDA40/B-propeller protein that coisolates with both GARP and EARP in affinity purification,
immunoprecipitation, and gel filtration analyses. Confocal fluorescence microscopy shows co-
localization of TSSC1 with both GARP and EARP. Silencing of TSSC1 impairs transport of inter-
nalized Shiga toxin B subunit to the TGN, as well as recycling of internalized transferrin to the
plasma membrane. Fluorescence recovery after photobleaching shows that TSSC1 is required
for efficient recruitment of GARP to the TGN. These studies thus demonstrate that TSSC1 plays
a critical role in endosomal retrieval pathways as a regulator of both GARP and EARP function.
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INTRODUCTION
Early endosomes (EEs) are a major sorting station in the endomem-
brane system of eukaryotic cells where various transport pathways
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intersect (Maxfield and McGraw, 2004; Bonifacino and Rojas, 2006;
Jovic et al., 2010; Figure 1). EEs receive cargoes by endocytosis from
the plasma membrane and the extracellular space, as well as by bio-
synthetic transport from the trans-Golgi network (TGN). Some car-
goes are subsequently delivered from EEs to late endosomes and
lysosomes, whereas others are retrieved to the plasma membrane or
the TGN. For example, the transferrin receptor (TfR) carrying iron-
loaded holo-transferrin (Tf) is delivered from the plasma membrane
to EEs by clathrin-dependent endocytosis. After dissociation of iron
in the acidic pH of EEs, TfR bound to the resulting apo-Tf returns to
the plasma membrane via various recycling endosomal compart-
ments (Figure 1). In contrast, mannose-6-phosphate receptors
(MPRs) carrying lysosomal hydrolase precursors are delivered to EEs
from the TGN. The acidic pH of EEs also causes release of the lyso-
somal hydrolase precursors, after which the enzymes are delivered to
lysosomes and the MPRs are returned by retrograde transport to the
TGN (Figure 1). Other cargoes entering EEs do not recycle to their
compartments of origin but traffic along a single route that they tran-
siently share with the recycling cargoes. A prominent example is the
bacterial Shiga toxin, which binds to surface globotriaosylceramide
(Gb3) and undergoes internalization into the EE, followed by retro-
grade transport to the TGN (Johannes and Romer, 2010; Figure 1).
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FIGURE 1: Schematic representation of endosomal retrieval pathways. Trafficking routes of the
transferrin receptor (TfR), mannose 6-phosphate receptor (MPR), and Shiga toxin B subunit (STxB)
through various compartments of the endomembrane system. The sites of action of the GARP
and EARP complexes are indicated, as is the deduced functional localization of TSSC1. MVB,
multivesicular body; PM, plasma membrane; RE, recycling endosome; TGN, trans-Golgi network.

Whereas other intercompartmental transport steps involve small,
coated vesicles, endosomal retrieval is largely mediated by tubular-
vesicular carriers that bud from EEs and fuse with either recycling
endosomes (REs) or the TGN (Gallon and Cullen, 2015; Hierro et al.,
2015). Both budding and fusion of the carriers depend on complex
molecular machineries that are recruited from the cytosol onto
membranes. A core component of the endosomal budding machin-
ery is the retromer complex, which comprises a VPS26-VPS29-VPS35
heterotrimer and various combinations of sorting nexin (SNX) pro-
teins, including a SNX1/2-SNX5/6 heterodimer, SNX3, and/or
SNX27 (Gallon and Cullen, 2015; Hierro et al., 2015). Various other
components, such as membrane phosphatidylinositol 3-phosphate
(PtdIns3P; Burda et al., 2002), the small GTPase Rab7 (Rojas et al.,
2008; Seaman et al., 2009), the Rab-GAP TBC1D5 (Seaman et al.,
2009), the WASH complex (Gomez and Billadeau, 2009), and dynac-
tin (Hong et al., 2009; Wassmer et al., 2009), interact with retromer
to mediate different steps in the process of tubule formation and
translocation. Fusion of the tubules with acceptor RE or TGN com-
partments is mediated by specific sets of soluble N-ethylmaleimide—
sensitive factor attachment protein receptor (SNARE) proteins,
which have been best characterized for the TGN (Mallard et al,,
2002). Two multisubunit tethering complexes—endosome-associ-
ated recycling protein (EARP; composed of ANG2, VPS52, VPS53,
and Syndetin subunits; Gillingham et al., 2014; Schindler et al.,
2015) and Golgi-associated retrograde protein (GARP; composed
of ANG2, VPS52, VPS53, and VPS54 subunits; Conibear et al., 2003;
Liewen et al., 2005; Fridmann-Sirkis et al., 2006; Perez-Victoria et al.,
2008, 2010; Perez-Victoria and Bonifacino, 2009)—are believed to
promote SNARE complex assembly required for fusion with REs and
the TGN, respectively. Whereas EARP does not mediate retrograde
transport to the TGN, GARP to some extent also participates in en-
docytic recycling (Schindler et al., 2015). There is evidence in
Drosophila that EARP interacts with Rab4 (Gillingham et al., 2014),
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A small GTPases Rabé and Arl1 (Panic et al.,
2003; Liewen et al., 2005). However, it is not
known whether these interactions contribute
the recruitment of the complexes to their
corresponding compartments, particularly in
mammals. Moreover, in contrast to the
abundance of retromer interactors, no other
proteins have been shown to interact with
EARP and GARP in the performance of their
functions as tethering factors.
! To identify proteins that participate with
H EARP and GARP in endosomal retrieval
i pathways, we performed affinity purification
H using EARP/GARP subunits as baits, fol-
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lowed by mass spectrometry. This approach
allowed us to identify a protein named tu-
/ mor-suppressing subchromosomal transfer-
able fragment candidate gene 1 (TSSC1) as
novel interactor of both EARP and GARP.
TSSC1 is a phylogenetically conserved and
ubiquitously expressed protein predicted to
comprise a WD40/B-propeller domain. The
association of TSSC1 with both EARP and
GARP was confirmed by coimmunoprecipi-
tation and gel filtration analyses. In addition,
confocal fluorescence microscopy showed
colocalization of TSSC1 with both EARP and
GARP. Silencing of TSSC1 in human cells impaired the transport of
internalized Shiga toxin B subunit (STxB) to the TGN and of internal-
ized TfR back to the plasma membrane, consistent with its involve-
ment in both retrograde transport and endocytic recycling path-
ways. Fluorescence recovery after photobleaching (FRAP) analysis
showed that TSSC1 is required for efficient recruitment of GARP to
membranes. These findings thus identify TSSC1 as a novel compo-
nent of the endosomal retrieval machinery that cooperates with
both GARP and EARP in the processes of retrograde transport and
endocytic recycling, respectively.

RESULTS

Affinity purification and mass spectrometry identify TSSC1

as a novel interactor of EARP and GARP

To identify proteins that interact with EARP and GARP, we per-
formed affinity purification followed by mass spectrometry using
detergent extracts from H4 human neuroglioma cells stably express-
ing each of the subunits of these complexes appended with a C-
terminal FLAG/One-STrEP (FOS), an N-terminal One-STrEP/FLAG
(OSF), or a green fluorescent protein (GFP) tag (Figure 2A; a com-
plete set of results is shown in Supplemental Table S1). To remove
frequent contaminants in this kind of analysis, the raw data were fil-
tered against the Contaminant Repository for Affinity Purification
(CRAPome) database (Mellacheruvu et al., 2013). Only proteins with
an average spectral count of <0.25 hit per experiment in this data-
base were considered for further analysis. We also set a threshold of
six unique peptides in initial FOS and OSF data sets to restrict our
analysis to the more abundant and reliable interactors. The resulting
set of proteins showed that ANG2, VPS52, and VPS53 (shared sub-
units of both EARP and GARP) copurified with each other, as well as
with VPS54 (unique subunit of GARP) and Syndetin (unique subunit
of EARP; Figure 2A). Syndetin copurified with ANG2, VPS52, and
VPS53 but not with VPS54 (Figure 2A). VPS54 copurified with VPS52
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generated a TSSC1 interaction network that
highlighted a relationship of this protein
with the GARP/EARP subunits and the
SNARE protein SNAP29 (Figure 2B). These
interactions are conserved in human cell
lines derived from neuroglioma, embryonic
kidney, and cervix adenocarcinoma, as well
as in rat brain tissue (Supplemental Figure
S1). The clustering of TSSC1 with proteins
involved in tethering and fusion suggested
that it could play a role in these processes.

Bioinformatic analysis of TSSC1

TSSC1 was previously identified as the
product of a gene encoded in the subchro-
mosomal 11p15.5 tumor-suppressor gene
region (Hu et al., 1997, Scelfo et al., 1998)
and regulated by the transcription factor
Runx2 (Wang et al., 2013). The human gene
encodes a 387-amino acid protein with a
predicted molecular mass of 43.6 kDa. The
Phyre2 server (Kelley and Sternberg, 2009)
predicts with 100% confidence that the
protein consists of a single WD40/B-
propeller domain. A phylogenetic analysis
by reciprocal homology searches with the
Homo sapiens TSSC1 protein sequence us-
ing the BLASTP algorithm (Altschul et al.,
1990) and subsequent searches with multi-
iteration PSI-BLAST indicated that TSSC1 is
conserved in all eukaryotic supergroups

KIAA1217
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Protein
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FIGURE 2: Affinity purification and mass spectrometric analysis of GARP and EARP interactors.
(A) Table showing the proteins (Hits) coisolated by affinity purification from H4 cells expressing
the FOS-, OSF-, or GFP-tagged proteins indicated on top (Baits). Total numbers of peptides
found in mass spectrometry. ANG2 and Syndetin are also designated VPS51 and VPS50,
respectively, by the HUGO Gene Nomenclature Committee. (B) Network analysis showing the
interactions between the hits from our screens filtered by the CRAPome (www.crapome.org)
and interactions mapped using the BioGRID database (thebiogrid.org). Proteins were grouped

according to their Gene Ontology classification.

and VPS53 but not with ANG2 and Syndetin (Figure 2A). All of these
results are in agreement with the known subunit composition of
GARP and EARP (Schindler et al., 2015), except for the absence of
ANG2 in the VPS54 isolates, which we attribute to the low efficiency
of the purification using GFP as a tag (notice low peptide number in
Figure 2A). Of interest, after the GARP/EARP subunits, the next
most abundant interactor for all five subunits was a previously un-
characterized protein named TSSC1 (Figure 2A). Reciprocal affinity
purification-mass spectrometry using TSSC1-FOS as bait coisolated
ANG2, VPS52, VPS53, and Syndetin but not VPS54 (Figure 2A). The
absence of VPS54 from this purification was also likely due to the
low peptide number for the EARP/GARP subunits, since VPS54-GFP
did pull down TSSC1 (Figure 2A), and subsequent analyses showed
coimmunoprecipitation of VPS54 with TSSC1 (see later discussion).
By combining the interactions found in our study with those in the
BioGRID database (Stark et al., 2006) and previous high-throughput
protein interaction screens (Hein et al., 2015; Huttlin et al., 2015), we
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morphology (classified according to Barlow et al., 2014)

and has a shared phylogeny with members
of the GARP/EARP complexes (Figure 3, A
and B; Koumandou et al., 2007). Excep-
tions to this conservation are Phytophthora
ramorum and Giardia lamblia, in which
there is an apparent loss of GARP, EARP,
and TSSC1, and Cyanidioschyzon merolae
and Entamoeba histolytica, which show a
partial loss of both complexes accompa-
nied by loss of TSSC1 (Figure 3, A and B).
The conservation of TSSC1 in most eukary-
otes is suggestive of an essential physio-
logical function, and the general trend of
coevolution with GARP/EARP supports a functional relationship.

Biochemical analyses confirm the interaction of TSSC1 with
both EARP and GARP

We next performed additional biochemical analyses to confirm the
specificity of the interaction of TSSC1 with GARP and EARP. Strep-
Tactin pull down from H4 cells expressing TSSC1-FOS followed by
immunoblotting with antibodies to GARP/EARP subunits showed
coisolation of TSSC1 with transgenic ANG2-13myc and endoge-
nous VPS52 and VPS53 (Figure 4, A-C). These interactions were ro-
bust and specific, as demonstrated by the coisolation of these same
proteins with Syndetin-OSF (positive control) but not with the
BLOS2 subunit of the BLOC-1 (Starcevic and Dell’Angelica, 2004)
and BORC (Pu et al., 2015) complexes tagged with OSF (negative
control; Figure 4, A-C). Because we do not have an antibody that
recognizes endogenous VPS54, we performed a GFP-trap pull
down from H4 cells stably expressing GFP (negative control) or

2869

TSSC1 mediates endosomal retrieval |



A ANG2 VPS52 VPS53
Metazoans

H.sapiens‘c . e e e G% @ @
D. melanogaster C. elegans

Fungi

ONROIOIOI0N

Amoebozoa

VPS54 Syndetin TSSC1

i@ D D D D

Viridiplantae

A thaliana‘c.reinhardtii @ @ @ @ @ @

C. merolae

Chromalveolata

extract using antibody to TSSC1 confirmed
the association of this protein with endog-
enous ANG2, VPS52, VPS53, and Syndetin
(Figure 4G). Finally, gel filtration of rat
brain extract on Superose 6 revealed that a
fraction of TSSC1 coeluted with ANG2 (a

subunit of both GARP and EARP), whereas
another fraction eluted with a smaller hy-

drodynamic radius, likely corresponding to
free TSSC1 (Figure 4H).

Taken together, all of the foregoing bio-
> C) chemical experiments coincided in demon-

strating that TSSC1 is a specific interactor of
both GARP and EARP.

Colocalization of TSSC1 with GARP
and EARP

To try to understand the function of TSSC1,
we next examined the subcellular localization

\ r\ of this protein. Attempts to localize TSSC1 in

various cell lines using the antibody to the
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endogenous protein yielded only back-
ground staining. Similarly, TSSC1-FOS or
TSSC1-GFP expressed by transfection into

Hela cells showed only cytosolic staining
G lamblia N. gruberi (unpublished data). However, transient ex-

pression of TSSC1-RFP in H4 cells stably ex-
pressing VPS54-GFP and live-cell imaging

B Archaenlastida Excavata using a spinning-disk confocal microscope
P Red algae Opisthokonta revealed partial colocalization of these pro-
Discoba FUngi\ teins to a juxtanuclear structure characteristic
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FIGURE 3: Phylogenetic analysis of GARP and EARP subunits and TSSC1. (A) Coulson plot
(Field et al., 2013) showing the existence of ANG2, VPS52, VPS53, VPS54, Syndetin, and TSSC1
orthologues in a variety of eukaryotes chosen for their diversity as in Hirst et al. (2011). Color
intensity represents the degree of identity based on a BLASTP alignment with the human
homologue. Hatched shading indicates a known homologue that shares little primary sequence
homology. (B) Deduced evolutionary history of TSSC1 (based on Walker et al., 2011).

VPS54-GFP. Immunoblot analysis with antibody to endogenous
TSSC1 detected this protein in the VPS54-GFP but not GFP or un-
transfected cell pull downs (Figure 4D). To validate the specificity of
the antibody to TSSC1, we performed immunoblot analysis of ex-
tracts from three lines of human HAP1 cells: wild type (WT), TSSC1
clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9 knockout (KO), and TSSC1-KO rescued by stable expression of
TSSC1-FOS (Figure 4E). We observed a TSSC1 band in WT and
TSSC1-rescued cells but not in TSSC1-KO cells, thus demonstrating
the specificity of the antibody (Figure 4E).

Immunoblot analysis of multiple rat tissues showed that TSSC1
is expressed ubiquitously, albeit with higher levels in the brain
(Figure 4F), as previously shown for GARP and EARP (Schindler
et al., 2015). Coimmunoprecipitation from a rat brain cytosolic
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Entamoebida

Slime molds

® Presumed origin
® Deduced loss of TSSC1

of the TGN (Figure 5A). Punctae exhibiting
colocalization of TSSC1 with VPS54 were co-
motile (Figure 5B). Further analyses using a
higher-resolution Airyscan confocal micro-
scope allowed unequivocal demonstration of
the colocalization of 3-hemagglutinin (HA)-
TSSC1 with VPS54-GFP to TGN structures in
fixed H4 cells (Figure 5C). Colocalization of
TSSC1 with Syndetin was more difficult to
demonstrate using these methodologies be-
cause of the disperse distribution of Syndetin
(Schindler et al., 2015). However, we suc-
ceeded in observing colocalization of tran-
siently expressed TSSC1-red fluorescent
protein (RFP) and Syndetin-GFP in H4 cells by
live-cell total internal reflection fluorescence
(TIRF) microscopy, which allows low-back-
ground visualization of cytoplasmic particles within an ~200-nm eva-
nescent field (Figure 5D). We concluded that, at least in some set-
tings, TSSC1 colocalizes with both GARP and EARP.

Amoebozoa

TSSC1 is required for retrograde transport of STxB

and recycling of internalized Tf

The interaction and colocalization of TSSC1 with the VPS54 subunit
of GARP prompted us to test the involvement of TSSC1 in retro-
grade transport from endosomes to the TGN. To this end, we exam-
ined the localization of the Cy3-tagged Shiga toxin B subunit (Cy3-
STxB) after 15 min of internalization and 1 h of chase in WT,
TSSC1-KO, and TSSC1-rescued HAP1 cells. Cells were subsequently
immunostained for the Golgi marker giantin and analyzed by confo-
cal fluorescence microscopy. We observed that Cy3-STxB became
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FIGURE 4: Biochemical analysis of TSSC1. (A-C) Extracts from H4 cells stably expressing
BLOS2-OSF (negative control), Syndetin-OSF (positive control), or TSSC1-FOS were analyzed by
pull down with StrepTactin beads, followed by SDS-PAGE and immunoblotting for coexpressed
ANG2-13myc and endogenous VPS52, VPS53, and actin (negative control). (D) Extracts from
untransfected and stably expressing GFP or VPS54-GFP cells were analyzed by pull down with a
nanobody to GFP conjugated to magnetic beads, followed by SDS-PAGE and immunoblotting
for endogenous TSSC1 and actin (negative control). *Nonspecific band. (E) WT and TSSC1-KO
HAP1 cells, and TSSC1-KO HAP1 cells rescued by stable expression of TSSC1-FOS, were analyzed
by SDS-PAGE and immunoblotting with antibodies to TSSC1, ANG2, VPS52, VPS53, Syndetin, or
actin (negative control). (F) SDS-PAGE and immunoblot analysis of the expression of Syndetin,
ANG2, TSSC1, and actin in multiple rat tissues. (G) A rat brain extract was subjected to
immunoprecipitation with antibodies to immunoglobulin G (negative control) or TSSC1 followed
by SDS-PAGE and immunoblot analysis of the precipitates with antibodies to ANG2, VPS52,

plemental Videos S2 and S3), with mean
distances of 11.4 and 9.1 um, respectively

0{9 (Figure 7B). Cy3-STxB—containing vesicles in
Q@Q\,\'\“’%&z TSSC1-KO cells did not colocalize with early
e and recycling endosomal markers (EEA1

so{ems @ ITSSC and TfR, respectively), consistent with them
1 ANG2 being intermediates in transport from endo-
70 somes to the TGN (Supplemental Figure S2;

Perez-Victoria et al., 2008). These experi-
ments indicated that TSSC1 plays a role in
retrograde transport of STxB from endo-
somes to the TGN.

To determine whether TSSC1 also par-
ticipates in endocytic recycling, we exam-
ined the TfR-mediated uptake of Alexa 488-
labeled Tf in Hela cells treated with no
small interfering RNA (siRNA; control) or
siRNAs to TSSC1 or Syndetin, as previously
described (Schindler et al., 2015). Cells were
incubated with Alexa 488-Tf for 0-27 min,
uptake was measured by fluorescence-acti-
vated cell sorting (FACS) at 3-min intervals,
and the geometric mean of the population
was calculated at each time point. We ob-
served that knockdown (KD) of Syndetin or
TSSC1 increased the accumulation of Alexa
488-Tf relative to control cells (Figure 7C).
To determine whether this increased accu-
mulation was due to reduced recycling, con-
trol, Syndetin KD, or TSSC1 KD, cells were
incubated for 30 min with Alexa-488-Tf,
washed, and chased for different times in
regular culture medium. We observed that
Syndetin- or TSSC1-KD cells retained more
Tf compared with the WT cells (about dou-
ble the amount at 20-25 min; Figure 7C).
Taken together, these observations indi-
cated that TSSC1 also plays a role in endo-
cytic recycling of Tf.
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(H) Gel filtration of rat brain extract on a Superose 6 column and analysis of the fractions indicated
on top by SDS-PAGE and immunoblotting with antibodies to ANG2 and TSSCH1. In all the
immunoblots, the positions of molecular mass markers (in kilodaltons) are indicated on the left.

concentrated in the Golgi region labeled for giantin in the WT and
TSSC1-rescued cells but remained in a population of disperse ve-
sicular structures in the TSSC1-KO cells (Figure 6A). Quantification
using Spearman’s rank correlation analysis of multiple cells from sev-
eral experiments showed the difference in colocalization between
the WT and TSSC1-KO cells to be highly significant and rescuable
with transfected TSSC1 (Figure 6B).

More detailed live-cell imaging analyses of Cy3-STxB uptake in
WT cells showed that a sizable fraction of the toxin subunit reached
the Golgi region as early as in 15 min; this fraction became much
larger over the next 45 min of imaging (Figure 7A and Supplemental
Video S1), consistent with previous work on the kinetics of STxB
retrograde transport to the Golgi complex (Popoff et al., 2007).
Quantification of Cy3-STxB distribution across all time points using
three-dimensional (3D) reconstructions showed a mean distance of
5.2 pm from the center of the nucleus (Figure 7B). In contrast, in
TSSC1-KO and VPS54-KO cells, Cy3-STxB accumulated in vesicular
structures scattered throughout the cytoplasm (Figure 7A and Sup-
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TSSC1 promotes GARP recruitment

to the TGN

To gain insight into the mechanism by which
TSSC1 functions in retrograde transport, we
examined the effect of TSSC1 KD on the localization and dynamics
of VPS54-GFP stably expressed in H4 cells (Figure 8). We observed
that TSSC1-KD cells (Figure 8A) exhibited less intense VPS54-GFP
fluorescence at the TGN (Figure 8B). FRAP analysis of the TGN in
control VPS54-GFP—-expressing cells showed recovery of ~38% of
the original fluorescence after 180 s, revealing that VPS54, and thus
the GARP complex, exchanges rapidly between the TGN and the
cytosol (Figure 8, C and E). In contrast, FRAP of TSSC1-KD cells re-
vealed a much slower recovery of VPS54-GFP at the TGN (Figure 8,
D and E), indicating that TSSC1 contributes to GARP recruitment to
the TGN.

DISCUSSION

In contrast to the growing number of proteins that are being found
to cooperate with retromer in the formation and translocation of
tubular-vesicular carriers (Gallon and Cullen, 2015; Hierro et al.,
2015), there is a dearth of knowledge on proteins that participate
with EARP and GARP in the process of SNARE-mediated fusion of
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bona fide interactor of EARP and GARP.
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impaired retrograde transport of STxB from endosomes to the TGN
(Figures 6 and 7). Previous high-throughput RNA interference (RNA;;
Bassik et al., 2013) and CRISPR interference (Gilbert et al., 2014)
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screens also identified a requirement of
TSSC1 and/or GARP subunits for the lethal
effects of other protein toxins, such as ricin,
cholera toxin, and diphtheria toxin. Taken
together, these findings indicate that TSSC1
and GARP are generally required for retro-
grade transport of various protein toxins to
the TGN. TIRF microscopy also revealed co-
localization of TSSC1 with Syndetin (Figure
5D), and KD of these proteins similarly in-
creased intracellular retention of internal-
ized Tf (Figure 7C). These experiments are
consistent with TSSC1 playing roles in both
retrograde transport to the TGN and recy-
cling to the plasma membrane in conjunc-
tion with GARP and EARP, respectively.

The exact molecular function of TSSC1
remains to be elucidated. A fraction of
TSSC1 coelutes with the ANG2 subunit of
EARP/GARP on gel filtration of rat brain ex-
tracts (Figure 3l). It is not clear, however,
whether this result means that TSSC1 is an
additional subunit of EARP/GARP or a tran-
sient interactor. FRAP analysis shows that
TSSC1 promotes the association of GARP
with the TGN (Figure 8), suggesting that it
may function as a membrane-docking factor
for the complex. TSSC1 is thus the first pro-
tein shown to contribute to GARP recruit-
ment to the TGN.

Analysis of the TSSC1 interactome (Figure
2B) revealed the noteworthy presence of an-
other protein that copurified with TSSC1 and
ANG2: the SNARE protein SNAP29. This
protein is a Q-SNARE that functions in mul-
tiple trafficking pathways, including recycling
to the cell surface and retrograde transport
to the TGN (Steegmaier et al., 1998; Xu
et al., 2004; Sato et al, 2011), possibly
through interactions with the RE/TGN Q-
SNAREs Syntaxin 6 and 16 (Wong et al.,
1999; Xu et al., 2014). SNAP29 also interacts
with EHD1 (Rotem-Yehudar et al., 2001; Xu
et al., 2004), another protein involved in en-
docytic recycling (Lin et al., 2001; Caplan
etal., 2002). TSSC1 could aid the interaction
of EARP/GARP with SNAP29, thereby con-
tributing to the recruitment of these com-
plexes to membranes and/or the assembly
of fusogenic trans-SNARE complexes.

TSSC1 is predicted to consist of a single
WD40 domain. These domains have a -
propeller structure and serve as platforms
for protein—protein interactions (Stirnimann
et al., 2010). Of note, other WD40-domain
proteins have been implicated in endocytic
recycling (Shi et al., 2011) or membrane fu-
sion events involving SNAREs and multisub-
unit tethering complexes related to EARP/

GARP, such as the exocyst and NRZ complexes (Fujita et al., 1998;
Lehman et al., 1999; Zhang et al., 2005; Civril et al., 2010). For ex-
ample, the yeast WD40-domain proteins Ere1 and Ere2 function as
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cargo-specific adaptors for recycling of the
arginine transporter Can1 to the cell surface
through the retromer pathway (Shi et al.,
2011). Members of the WD40-domain lethal
giant larvae family, on the other hand, inter-
act with the exocyst complex and SNAREs
to promote fusion of exocytic vesicles with
the plasma membrane (Fujita et al., 1998;
Lehman et al., 1999; Zhang et al., 2005). Fi-
nally, the WD40-domain protein NAG as-
sembles with ZW10 and RINT1 to form the
NRZ complex, a tethering factor that func-
tions in transport between the Golgi com-
plex and the endoplasmic reticulum (Civril
et al., 2010). Although the exact molecular
functions of TSSC1 and the aforementioned
WD40-domain proteins remain to be eluci-
dated, the involvement of WD40-domain
proteins in tethering and fusion is emerging
as a common theme in the mechanisms of
vesicle trafficking.

In sum, our experiments identify TSSC1 as
a novel component of the molecular machin-
ery that mediates cargo recycling to the
plasma membrane and retrograde transport
to the TGN through interactions with EARP
and GARP, respectively. Our findings also
show that TSSC1 and EARP/GARP partici-
pate in a network of interactions with SNARE
proteins, consistent with a role of all of these
proteins in tethering and fusion of endosome-
derived carriers to the corresponding accep-
tor compartments. This role is likely critical for
cell and organismal viability, as demonstrated
by the lethality of null mutations in TSSC1
and GARP subunits in some settings (Schmitt-
John et al., 2005; Blomen et al., 2015). Fur-
thermore, failure of these mechanisms likely
underlies the pathogenesis of hereditary dis-
orders such as progressive cerebello-cerebral
atrophy type 2 (Feinstein et al., 2014) and ce-
rebral dysgenesis, neuropathy, ichthyosis,
and keratoderma syndrome (Sprecher et al.,
2005), which are caused by mutations in
VPS54 and SNAP29, respectively.

MATERIALS AND METHODS
Antibodies and other reagents

The following antibodies were used for im-
munoblotting (sources and working dilutions
are indicated in parentheses): horseradish
peroxidase (HRP)-conjugated mouse mono-
clonal antibody to myc (1:200; 9E10; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal antibody to VPS52 (1:1000; Perez-
Victoria et al., 2008), rabbit polyclonal anti-
body to ANG2 (1:1000; Perez-Victoria et al.,
2010; HPA039650; Atlas Antibodies, Stock-
holm, Sweden), mouse monoclonal antibody
to Syndetin (1:1000; 2D11, HO0055610-
MO1; Abnova, Taipei City, Taiwan), rabbit
polyclonal antibody to VPS53 (1:200;
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HPAQ024446; Atlas Antibodies), mouse monoclonal antibody to actin
(1:1000; 612656; BD Biosciences, Franklin Lakes, NJ), rabbit polyclonal
antibody to TSSC1 (1:1000 for immunoblotting, 1:300 for immuno-
precipitation; ab%6595; Abcam, Cambridge, United Kingdom), and
HRP-conjugated mouse monoclonal antibody to GFP (MACS Miltenyi
Biotec, Bergisch Gladbach, Germany; 130-091-833) (1:2000). The fol-
lowing antibodies were used for immunofluorescence microscopy:
rabbit polyclonal antibodies to giantin (Covance, Princeton, NJ; PRB-
114C; 1:3000) and HA epitope (ThermoFisher Scientific, Waltham,
MA; OPA1-10980; 1:1000). To increase GFP signal in fixed cells, GFP-
booster from ChromoTek (Planegg-Martinsried, Germany) was used
(GFP-Booster_Atto488; 1:200). Cy3-STxB was a kind gift from Ludger
Johannes (Curie Institute, Paris, France). Alexa-488-Tf was from
ThermoFisher Scientific (T13342). Alexa-conjugated secondary anti-
bodies used for immunofluorescence at 1:1000 dilution were from
Invitrogen (Carlsbad, CA).

Recombinant plasmids

Most plasmids used have been previously published (Perez-
Victoria et al., 2008; Perez-Victoria and Bonifacino, 2009; Schindler
et al., 2015). To generate TSSC1-FOS, TSSC1 was amplified using
5’-CCGGAATTCGCCACCATGGAGGACGATGCACCAGTG-3’
and 5-CGGGGTACCTAGCAGGATGTGGTACTTCAGGG-3" prim-
ers and subloned into pcDNA-FOS. To generate TSSC1-RFP,
TSSC1 was subcloned using Gibson assembly (New England
Biolabs, Ipswich, MA) into EcoR1 (New England Biolabs)-linearized
RFP-N1 using 5-GGACTCAGATCTCGAGCTCAAGCTTCGAATG
GAGGACGATGCACCAGTG-3" and 3-CCCTGAAGTACCACA-
TCCTGCTACTGCAGTCGACGGTACCGCGGGCCCGGGATC-
CACCG-5". To generate 3HA-TSSC1, 5-CCGGAATTCATGGAGG-
ACGATGCACCAGTG-3" and 5-ACGCGTCGACTCATAGCAGGAT-
GTGGTACTTCAG-3" were used to amplify and subclone TSSC1
into a pClneo-HA vector backbone.

RNAi

Transfection with siRNAs was performed using Lipofectamine 2000
(ThermoFisher Scientific). Cells were plated at 60% confluency in a
24-well plate and adhered overnight. Cells were then transfected
with siRNA using Lipofectamine 2000 according to the manufactur-
er’s instructions, incubated overnight, split into three wells of a 24-
well plate, and adhered overnight again before being transfected
with overnight incubation. Cells were finally split again onto either
coverslips or Lab-Tek chambers (for imaging; 155380; ThermoFisher
Scientific) or into a 96-well plate (for Tf uptake followed by FACS).
Proteins targeted by siRNAs used were TSSC1 (ON-TARGETplus
TSSC1 siRNA; J-011410-05-0005; Dharmacon, Lafayette, CO),
VPS54 (Perez-Victoria et al., 2008; Schindler et al., 2015; UCAC-
GAUGUUUGCAGUUAAUU; J-021174-07 Dharmacon), and Syn-
detin (Schindler et al., 2015; 5" AGAACAGAUGUACGGUUAA-3).

Tandem affinity purification and mass spectrometry

Affinity purifications and pull downs using FOS- or OSF-tagged con-
structs were performed as described by Schindler et al. (2015), with
analysis by liquid chromatography—mass spectrometry done at the
Taplin Mass Spectrometry Facility (Harvard Medical School, Boston,
MA). For VPS54-GFP mass spectrometry, nanobody to GFP coupled
to magnetic beads (ChromoTek) was used on VPS54-GFP and GFP-
expressing H4 cell lines, with lysate generated from a 15-cm plate at
90% confluence. ChromoTek lysis buffer (10 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 0.02% Thimerosal) sup-
plemented with cOmplete EDTA-free Protease Inhibitor tablets ob-
tained from Roche (Penzberg, Germany; 11873580001) was used.
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Samples were eluted from the beads with 50 ul of 0.2 M glycine,
pH 2.5, and neutralized with 5 pl of 1 M Tris base, pH 10.4. Samples
were precipitated using trichloroacetic acid and air-dried. Mass
spectrometric analysis was done at the National Institute of Neuro-
logical Disorders and Stroke Protein/Peptide Sequencing Facility
using an Orbitrap Elite instrument.

Generation of cointeraction network

To generate the interaction network, mass spectrometry data from
TSSC1-FOS, ANG2-FOS, VPS52-OSF, VPS53-OSF, Syndetin-OSF,
and VPS54-GFP were imported into Python 2.7 (www.python.org).
Negative controls were subtracted. To remove commonly occurring
negative results that were not in our negative controls, we filtered
data sets using the CRAPome API (www.crapome.org; Mellacheruvu
et al.,, 2013) by generating a threshold based on average spectral
count by hits per experiment in the CRAPome negative control data-
base and filtering to a threshold set to 0.25. Filtered hits were com-
bined with data from previously published findings using the BioGRID
API (http://thebiogrid.org; Stark et al., 2006) to find cointeractors be-
tween all hits and identify interacting complexes. These were then
mapped as a network using the NetworkX package (https://networkx
.github.io) with each line representing an interaction (either novel or
published). Protein ontology searches were manually performed and
the hits grouped and annotated using Adobe lllustrator (Adobe
Systems, San Jose, CA).

Phylogenetic analysis

To generate the Coulson plot and phylogenetic tree, BLASTP
searches were performed with the appropriate human reference se-
quence (Uniprot IDs TSSC1 Q53HC?9, Syndetin Q96JG6, VPS54
Q9P1Q0, VPS53 Q5VIR6, VPS52 Q8N1B4, and ANG2 Q9UID3)
against the relevant organisms. The hit with the highest homology
was then reciprocally used to perform a BLASTP search against the
human proteome. If the search resulted in the original human pro-
tein with the highest identity, this was considered a positive match
and the match plotted. If no hit could be found by this method,
additional approaches were taken to identify more distant homo-
logues, using either the human protein or a more closely related
homologue (e.g., for Viridiplantae, the Arabidopsis thaliana homo-
logue). These were used for a multi-iteration PSI-BLAST search on
either the specific organism or the supergroup. Iterations were re-
peated until convergence, and any hits were probed for validity us-
ing a reverse-BLASTP or reverse-PSI-BLAST against the human pro-
teome. For the Coulson plot, the intensity was plotted by the
intensity based on a BLASTP alignment. To generate the cladogram
of TSSC1, a similar reciprocal BLASTP search was performed against
the specified organisms.

Cell lines, tissue extraction, and gel filtration

H4 stable cells lines for VPS54-GFP and GFP were generated by
transfection with the previously described VPS54-GFP construct
(Perez-Victoria et al., 2008) and a soluble GFP construct using Lipo-
fectamine 2000. After 2 d, G418 (10131-035; Life Technologies,
Carlsbad, CA) was added to the cells at a concentration of 1 mg/ml,
and the cells were split into a 96-well plate at a concentration of
1 cell per well. Wells were visually inspected for GFP expression in
single colonies using a Zeiss (Carl Zeiss, Oberkochen, Germany) epi-
fluorescence microscope and selected for confirmation by immuno-
blot analysis for GFP expression. WT, TSSC1-KO, and VPS54-KO
HAP1 cell lines were from Haplogen Genomics (Vienna, Austria;
HAP1_TSSC1_1451-00, and HAP1_VPS54_12303-0). Mouse tissue
extraction for immunoblot analysis was done as described by

2875

TSSC1 mediates endosomal retrieval |



Schindler et al. (2015). For gel filtration analysis, rat brain tissue from
Sprague Dawley rats (embryonic day 18) was extracted in lysis buffer
(0.25 M sucrose, 50 mM Tris-HCI, pH 7.4, 50 mM NaCl, and 0.5%
Triton supplemented with EDTA-free protease inhibitor tablets from
Roche [11873580001]) by manual dicing using a razor blade on a
glass Petri dish followed by disruption by 20 strokes with a Dounce
homogenizer and incubation of homogenates on ice for 30 min with
thorough pipetting every 10 min and centrifugation in 1.5-ml tubes
for 20 min at a top speed and 4°C in a bench-top microcentrifuge to
remove cell debris. Gel filtration was done on a Superose 6 10/300
GL column (GE Bioscience, Pittsburgh, PA) as described by Schindler
et al. (2015).

Immunoprecipitations

For immunoprecipitation of VPS54-GFP, anti-GFP nanobody-con-
jugated beads (ChromoTek) were used as per manufacturer’s in-
structions. Cell lysate was generated from the VPS54-GFP stable
H4 cell line described here. Cells were grown in a 100-mm cell
culture plate. For immunoprecipitation of endogenous TSSC1, cor-
tical rat brain tissue from Sprague Dawley rats (embryonic day 18)
was lysed in lysis buffer (0.25 M sucrose, 50 mM Tris, pH 7.4, 50 mM
NaCl, and 0.5% Triton supplemented with EDTA-free protease
inhibitor tablets from Roche [11873580001]) by manual dicing,
disruption, and centrifugation as before. Lysate was precleared at
4°C for 2 h with protein A-Sepharose beads (GE Healthcare,
Pittsburgh, PA), and simultaneously antibody was prebound to
40 pl of phosphate-buffered saline (PBS)-washed beads in PBS.
After incubation, both lysate beads and antibody-bound beads
were pelleted in a microcentrifuge for 2 s at 16,000 x g (maximum
speed; 4°C), and the supernatant from the lysate was added to the
antibody-bound beads. In addition, 100 pl of the lysate was set
aside to be used as input. Beads were incubated with antibody
overnight at 4°C. After incubation, beads were washed three times
in wash buffer (50 mM Tris, pH 7.4, 50 mM NaCl) and once in PBS
before being analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence staining

Cells were transfected with either Lipofectamine 2000 (Thermo
Fisher Scientific) or FUGENE HD (Promega, Madison, WI) on glass
coverslips (EF15973A; Daigger), and after allowing gene expression
for 1 d, cells were washed twice in PBS(CaMg) (PBS supplemented
with calcium and magnesium ions), fixed for 30 min in 4% parafor-
maldehyde in PBS at room temperature, washed with PBS(CaMg),
and permeabilized in 0.2% Triton X-100 for 5 min at room tempera-
ture. Cells were blocked in PBS(CaMg) and 3% bovine serum albu-
min (BSA) for 2 h at room temperature. Primary and secondary anti-
bodies were used at the foregoing concentrations in the blocking
buffer, incubating at 37°C for 30 min with four washes in PBS(CaMg)
between each step. Cells were mounted on glass slides with Fluoro-
mount containing 4’,6-diamidino-2-phenylindole (DAPI) to visualize
the nucleus (17989-97; EMS Immuno Mount; Electron Microscopy
Sciences, Hatfield, PA).

Microscopy

Live-cell imaging was performed on a Nikon Eclipse Ti Microscope
System (Nikon Instruments, Melville, NY) at 37°C and 5% CO,. Im-
ages were captured using an electron-multiplying charge-coupled
device camera (Photometrics Evolve 512; Photometrics, Tucson, AZ)
and a Plan Apo VC 60x H objective (numerical aperture [NA] 1.40).
Diffraction-limited fixed-cell imaging was performed with a Zeiss
780 (Carl Zeiss). Superresolution imaging was performed using a
Zeiss 880 Airyscan microscope and a 63x/1.40 NA Plan-Apochromat
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Oil DIC M27 objective lens (Carl Zeiss) and processed at setting 6.
Image processing was performed in ImageJ (http://imagej.nih.gov/
ij/), including cropping and average/maximum intensity projections.
Photobleaching experiments were performed at 37°C and 5% CO,
on a Nikon Eclipse Ti Microscope System equipped with a Galvo
miniscanner to allow photobleaching and subsequent spinning-disk
confocal imaging. TIRF images were acquired with an Apo TIRF
100x objective.

Microscopy quantification

Quantification of Spearman’s r values were performed in ImageJ
using the PSC colocalization plug-in (French et al., 2008). Organelle
distance mapping was performed using the Imaris imaging platform
(Bitplane, Belfast, United Kingdom). A pseudonucleus was added to
the observable nuclear center, with a diameter of 10 pm. Shiga
toxin—containing organelles in z-stacked time series were mapped
using an estimated xy-diameter of 1 pm and threshold of 600. Dis-
tance of at least 75 detectable organelles was measured. Using a
distance transformation from the pseudonucleus, the 3D distance of
each detectable object was calculated. Data were processed and
plotted in Python 2.7.

Uptake and FACS analysis

Cy3-conjugated Shiga toxin B subunit (Cy3-STxB) uptake was per-
formed as previously described (Perez-Victoria et al., 2008). In brief,
cells were incubated for 30 min in HAP1 uptake medium (Iscove’s
modified Dulbecco’s medium [IMDM; ThermoFisher Scientific] -FBS
+ 1% BSA). Cy3-STxB was added at 0.5 ug/ml and incubated for 5
min. For live-cell imaging, to avoid disturbing the cells and thus al-
low continuous imaging of STxB uptake, STxB was not removed
from the medium but supplemented with a fivefold excess of com-
plete IMDM prewarmed to 37°C. For analysis of Cy3-STxB uptake in
fixed cells, cells were incubated with 0.5 pg/ml Cy3-STxB for 15 min
and washed with prewarmed 37°C complete IMDM (+10% FBS) be-
fore being incubated for 1 h with prewarmed complete IMDM. After
1 h, cells were washed in PBS(CaMg) twice before being fixed with
paraformaldehyde as described. Antibody staining was as de-
scribed. The Tf uptake assays were performed in 96-well plates.
Knockdown and WT cells were plated, and 30 min before the ex-
periment, the medium was exchanged for 37°C prewarmed uptake
medium (DMEM -FPB +1% BSA) and further supplemented with
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
to buffer pH changes during the experiment. In a 37°C water bath,
Alexa 488-conjugated Tf was added in 3-min time steps to the
plated cells with a multichannel pipette. After the completed time
course (in which the first cells had been incubated for 27 min with
the fluorescent Tf), the medium was removed from the plates and
the cells washed twice in ice-cold PBS on ice. Cells were then fixed
with 4% paraformaldehyde for 10 min on ice. To remove cells from
the plate for FACS, cells were incubated for 1 h with 10 mM EDTA
and manually agitated. Suspended cells were analyzed using an
LSRFortessa (BD Biosciences) with HTS plate reader module, and
data were analyzed using FlowJo software (Ashland, OR; www
.flowjo.com). For the Tf recycling assay, KD and WT cells were plated
onto six-well plates (one plate per time point) in DMEM, which, be-
fore the experiment, was exchanged with 37°C prewarmed uptake
medium (DMEM - FPB +1% BSA), further supplemented with
25 mM HEPES to buffer pH changes during the experiment. Alexa
488—conjugated Tf was incubated for 30 min with the cells, after
which it was removed and chased for the indicated times with com-
plete DMEM supplemented with HEPES. The cells were analyzed as
described using FACS.
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